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ABSTRACT
The Hubble sequence is a common classification scheme for the structure of galaxies. Despite
the tremendous usefulness of this diagnostic, we still do not fully understand when, where,
and how this morphological ordering was put in place. Here, we investigate the morphological
evolution of a sample of 22 high redshift (z > 3) galaxies extracted from the Argo simulation.
Argo is a cosmological zoom-in simulation of a group-sized halo and its environment. It
adopts the same high resolution (∼ 104 M, ∼ 100 pc) and sub-grid physical model that was
used in the Eris simulation but probes a sub-volume almost ten times bigger with as many as
45 million gas and star particles in the zoom-in region. Argo follows the early assembly of
galaxies with a broad range of stellar masses (logM?/M ∼ 8−11 at z ' 3), while resolving
properly their structural properties. We recover a diversity of morphologies, including late-
type/irregular disc galaxies with flat rotation curves, spheroid dominated early-type discs, and
a massive elliptical galaxy, already established at z ∼ 3. We identify major mergers as the
main trigger for the formation of bulges and the steepening of the circular velocity curves.
Minor mergers and non-axisymmetric perturbations (stellar bars) drive the bulge growth in
some cases. The specific angular momenta of the simulated disc components fairly match the
values inferred from nearby galaxies of similar M? once the expected redshift evolution of
disc sizes is accounted for. We conclude that morphological transformations of high redshift
galaxies of intermediate mass are likely triggered by processes similar to those at low redshift
and result in an early build-up of the Hubble sequence.
Key words: galaxies: high-redshift – galaxies: evolution – galaxies: groups: general – meth-
ods: N-body simulations.
1 INTRODUCTION
The current morphology of moderately massive galaxies likely
traces back to z ∼ 1−3 (Conselice, Blackburne & Papovich 2005;
Buitrago et al. 2013) when the star formation rates of their progeni-
tor galaxies were at their maximum (e.g., Leitner & Kravtsov 2011;
Yang et al. 2013; Behroozi, Wechsler & Conroy 2013). By z ∼ 1
the Hubble sequence was firmly in place (e.g., Brinchmann et al.
1998; Conselice, Blackburne & Papovich 2005; Ilbert et al. 2006;
Oesch et al. 2010) with “peculiar” galaxies, ubiquitous at higher
redshift, being a sub-dominant galaxy population (e.g., Driver et al.
1995; Scarlata et al. 2007; Mortlock et al. 2013). The large diversity
of galaxy morphologies encoded in the Hubble sequence, ranging
from ellipticals to late-type spirals and irregulars, poses one of the
key questions of galaxy formation and evolution: Which mecha-
nisms are responsible for the observed variety of galactic structural
? E-mail: fiacconi@physik.uzh.ch
† Hubble Fellow
parameters, such as bulge-to-disc ratios, gas fractions, kinematics,
and star formation rates (e.g. Hubble 1926; Sandage 1961; Dressler
1980; de Vaucouleurs et al. 1991; Roberts & Haynes 1994; Stein-
metz & Navarro 2002; Gutie´rrez et al. 2004; Driver et al. 2006; van
der Wel 2008; Gavazzi et al. 2010, 2013)?
Galaxy interactions, such as minor and major galaxy merg-
ers (Toomre & Toomre 1972; Barnes 1988; Naab & Burkert 2003;
Boylan-Kolchin, Ma & Quataert 2005; Naab & Trujillo 2006; Cox
et al. 2006; Fiacconi et al. 2012; Hilz, Naab & Ostriker 2013),
galaxy harassment (Aguilar & White 1985; Moore et al. 1996;
Moore, Lake & Katz 1998; Mastropietro et al. 2005), and tidal stir-
ring of small galaxies by more massive ones (Mayer et al. 2001;
Łokas et al. 2010; Kazantzidis, Łokas & Mayer 2013), are often
suggested as important transformation channels. In addition, sec-
ular processes induced by instabilities of the stellar component,
such as bars, spiral arms or buckling/bending modes (Courteau,
de Jong & Broeils 1996; Kormendy & Kennicutt 2004; Debattista
et al. 2006), as well as gravitational instabilities of the gaseous disc
(Dekel, Sari & Ceverino 2009; Ceverino, Dekel & Bournaud 2010;
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Bournaud et al. 2008, 2011, 2014; Moody et al. 2014) may result
in a transformation from late- to early-type morphology.
Moreover, as the stellar component is largely built in-situ (e.g.,
Moster, Naab & White 2013; Behroozi, Wechsler & Conroy 2013),
galaxy morphology is strongly linked to the baryonic cycle of gas
accretion, consumption, and ejection. Mechanisms of the latter cat-
egory may regulate or even completely remove the gas content
of a given galaxy, thus transforming the object from a blue, star-
forming system to a red, passively-evolving one by quenching star
formation. Ram pressure stripping and strangulation (Gunn & Gott
1972; Abadi, Moore & Bower 1999), the transition from a cold
to a hot mode accretion regime and gravitational quenching (Birn-
boim & Dekel 2003; Dekel & Birnboim 2006, 2008), outflows
driven by stellar or AGN feedback (Scannapieco, Silk & Bouwens
2005; Bundy et al. 2008; Dave´ 2009; Oppenheimer et al. 2010;
Teyssier et al. 2011; Dubois et al. 2013), and reduced gas accretion
rates caused by cosmological starvation (Feldmann & Mayer 2014)
likely all contribute given the right circumstances.
Simulations are of great help in understanding the qualita-
tive and quantitative effect of such mechanisms. Non-cosmological
simulations starting from idealised initial conditions have spear-
headed much of the progress thus far. Part of the reason is that,
until very recently, cosmological simulations were facing severe
issues in realistically modelling galaxies of any sort (Mayer, Gov-
ernato & Kaufmann 2008). The status of the field has recently im-
proved, with different codes now producing massive spiral galaxies
(Guedes et al. 2011; Brook et al. 2011; Agertz, Teyssier & Moore
2011; Stinson et al. 2013; Agertz et al. 2013; Hopkins et al. 2013b;
Agertz & Kravtsov 2014; Marinacci, Pakmor & Springel 2014),
dwarf galaxies (Governato et al. 2010; Oh et al. 2011; Shen et al.
2014; Hopkins et al. 2013b) and even massive S0/ellipticals (Feld-
mann et al. 2010; Oser et al. 2010; Feldmann, Carollo & Mayer
2011; Oser et al. 2012; Johansson, Naab & Ostriker 2012; Johans-
son 2013; Feldmann & Mayer 2014) with reasonably realistic prop-
erties.
These major improvements originate largely in the increased
numerical resolution of zoom-in simulations combined with better
sub-grid models of star formation and feedback processes (e.g. the
Aquila and AGORA comparison projects; Scannapieco et al. 2012;
Kim et al. 2014). As a result, considerable progress has been made
in matching a variety of predicted galaxy properties to observation
(e.g. Mayer 2012; Bird et al. 2013; Rashkov et al. 2013; Hopkins
et al. 2013b; Agertz & Kravtsov 2014). Furthermore, large scale
cosmological simulations (e.g. Schaye et al. 2010; Sales et al. 2012;
McCarthy et al. 2012; Vogelsberger et al. 2014; Genel et al. 2014;
Schaye et al. 2014) have recently been able to produce a range of
galaxy morphologies and properties at z ∼ 0, an impressive re-
sult that was previously achieved only in zoom-in simulations for
a small number of galaxies (Feldmann, Carollo & Mayer 2011).
Unfortunately, the limited spatial resolution (typically ∼ 1 kpc)
still hinders a robust quantitative analysis of internal structural and
morphological evolution in large scale cosmological runs.
There are hints that significant morphological evolution, in-
cluding bulge growth via bar instabilities triggered by minor merg-
ers and tidal interactions, may start quite early, at z > 3 (Guedes
et al. 2013). However, works studying galaxy evolution at high-z
mostly concentrate on galaxies as massive as the Milky Way today
at z ∼ 2 − 3, which may undergo significant evolution via vio-
lent disc instabilities triggered by high gas accretion rates (Agertz,
Teyssier & Moore 2009; Ceverino et al. 2012; Moody et al. 2014).
These galaxies are the likely progenitors of some of the most mas-
sive present-day galaxies, such as those sitting at the centres of
galaxy clusters and rich groups.
In this paper, instead, we extend the focus towards more typ-
ical galaxies with stellar masses between 108 and 1010 M at
z ∼ 3− 4, which are likely progenitors of spiral galaxies and low-
to intermediate-mass early-type galaxies today (Marchesini et al.
2009; Ilbert et al. 2013; van Dokkum et al. 2013). We primarily
focus on the timescale and the mechanisms involved in generating
their high redshift morphologies. In particular, we ask when the
Hubble sequence of such typical galaxies was first established and
whether galaxy evolution at high z is really different from low-z as
models of violent disc instabilities would suggest.
We address these questions using the Argo cosmological sim-
ulation, which fills the gap between zoom-in simulations of individ-
ual galaxies and large scale cosmological simulations since it has
the resolution of the Eris simulation (Guedes et al. 2011) but a sub-
volume almost ten times larger. A predecessor simulation of Argo
carried out to z = 0 at significantly lower resolution found clear
evidence for many of the aforementioned mechanisms and identi-
fied a number of different evolutionary paths (Feldmann, Carollo
& Mayer 2011). However, the lower resolution limited the analy-
sis to z < 1.5 because all galaxies except the central were poorly
resolved before then.
The Argo simulation follows a population of about two dozen
z > 3 galaxies of intermediate mass in a representative region of
the Universe. Hence, the present work allows insights into the typi-
cal evolutionary paths of a (small) sample of such galaxies. Galax-
ies of intermediate mass are ubiquitous at high-z and future obser-
vatories such as the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA), the James Webb Space Telescope (JWST) and the
European Extremely Large Telescope (E-ELT) should be able to
probe the morphological evolution of these objects through high-
resolution multi-band imaging and spectroscopy.
The paper is organized as follows: in Section 2 we describe
the main characteristics of the Argo simulations and the methodol-
ogy used to identify and select halos and galaxies. In Section 3 we
present the results, focusing on the morphological evolution of our
sample of galaxies, based on synthetic RGB images, circular veloc-
ity curves, surface density profiles and specific angular momentum
analysis. We highlight potential issues that may affect the conclu-
sions drawn from our work in section 4. In Section 5 we discuss
our main findings and conclude.
2 NUMERICAL SIMULATIONS
2.1 Simulation code and initial conditions
The Argo simulation is a suite of zoom-in cosmological simulations
first presented by Feldmann & Mayer (2014). The simulation is a
follow-up of theG2 simulation described by Feldmann et al. (2010)
and Feldmann, Carollo & Mayer (2011). Argo has a high-resolution
region of∼3 comoving Mpc per edge centred on a dark matter halo
of mass ∼ 2 × 1013 M at z = 0 inside a box of 123 comoving
Mpc. This dark matter halo hosts at z = 0 a group dominated by a
central, early-type, massive galaxy. It is worth to point out that this
specific group resides and evolves in a slightly over-dense but still
rather usual environment since the matter over-density δ ≡ ρ/〈ρ〉−
1 (where 〈ρ〉 is the average matter density) at z = 0 measured in
5h−1 Mpc around the group is δ = 1.4 and the final halo mass is
smaller than the exponential cutoff mass in the halo mass function
at z = 0 and close to the halo mass (∼ 1013 M) corresponding to
c© 2014 RAS, MNRAS 000, 1–17
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1-σ fluctuations at z = 0 (e.g. Reed et al. 2003; Tinker et al. 2008;
Watson et al. 2013).
The simulations were performed with the Tree/SPH N -body
code GASOLINE (Wadsley, Stadel, & Quinn 2004) assuming a
Wilkinson Microwave Anisotropy Probe 3-year cosmology (the
same cosmology of the original G2 run) with Ωm,0 = 0.24,
ΩΛ,0 = 0.76, Ωb,0 ' 0.04, h = 0.73, σ8 = 0.76 and n = 0.96
(Spergel et al. 2007). The suite consists of simulations at differ-
ent resolutions and here we focus on the highest-resolution run
(dubbed HR in Feldmann & Mayer 2014). The force resolution is
determined by the physical gravitational softenings DM = 250 pc
and ? = 120 pc for dark matter and baryonic particles, respec-
tively. The softenings are kept fixed in physical coordinates after
z = 9. The mass resolution of dark matter, gas and stellar par-
ticles is mDM = 7.9 × 105 M, mg = 2.1 × 104 M and
m? = 6.3× 103 M, respectively. The initial conditions are made
of 8,036,232 dark matter particles and 26,644,480 gas particles.
The simulation reaches redshift z ' 3.0 with ∼54,000,000 par-
ticles.
GASOLINE follows the dynamical evolution of baryonic and
dark matter due to gravity and hydrodynamics, taking into account
the underlying expansion of the Universe. It also implements sub-
grid prescriptions for optically-thin radiative cooling, star forma-
tion, supernova feedback, mass loss from stellar winds and metal
enrichment. Since Argo HR has the same mass and force resolution,
we employ the same parameters of the Eris simulation (Guedes
et al. 2011), a cosmological zoom-in simulation that successfully
reproduced the properties of a Milky Way-like galaxy at z = 0.
In particular, the gas is allowed to cool down to ∼ 8000 K fol-
lowing a radiative cooling function for an optically-thin gas with
primordial composition (Wadsley, Stadel & Quinn 2004). Note that
we do not employ metal-line cooling in this work in order to be
consistent with the code setup adopted for the original Eris sim-
ulation (Guedes et al. 2011; Mayer 2012). We included the ef-
fect of a uniform, redshift-dependent UV background (Haardt &
Madau 1996). The star formation is computed following Stinson
et al. (2006): the local star formation rate is ρ˙? = SFρg/tdyn,
where tdyn = 1/
√
Gρg. The gas is eligible to form stars if (i) it is
in an over-dense, converging flow, (ii) it is locally Jeans-unstable,
(iii) the density ρg > ρth = 5 H cm−3 and (iv) the temperature
Tg 6 30000 K. The star formation efficiency SF = 0.05. Stel-
lar particles are then stochastically spawned with initial mass m?
and represent a stellar population with a Kroupa, Tout & Gilmore
(1993) initial mass function (also adopted by Kroupa 1998). Stars
add energy, mass and metals back to the surrounding gas via su-
pernova feedback and stellar winds. Both type Ia and type II super-
novae inject 8 × 1050 erg each to the neighbouring gas particles.
Type II supernovae originate from stars between 8 and 40 M at
the end of their life (determined from the parametrisation of Rai-
teri, Villata, & Navarro 1996) and are modelled according to the
analytical blast wave solution of McKee & Ostriker (1977). In par-
ticular, the thermal energy is distributed to gas particles inside the
maximum radius that a blast wave can locally reach and the cooling
of those particles is shut off for the time corresponding to the end of
the snowplow phase of the blast wave. The cooling is not disabled
for type Ia supernovae, the frequency of which is estimated from
the binary fraction of Raiteri, Villata & Navarro (1996). They eject
all the same amount of mass (1.4 M) and metals (0.63 M of iron
and 0.13 M of oxygen, Stinson et al. 2006). Low-mass stars be-
tween 1 and 8 M return part of their own mass and metals to the
surrounding gas through winds according to Weidemann (1987).
The typical fraction of mass lost by a particle because of stellar
winds is ∼40 % (see Stinson et al. 2006 for additional details on
the feedback model implementation).
2.2 Halo detection and selection
We use the AMIGA Halo Finder (AHF, Gill, Knebe & Gibson
2004; Knollmann & Knebe 2009) to identify dark matter halos
and galaxies and to determine their properties, such as centres or
virial radii. The virial radius is defined as the radius enclosing a
mean matter density ∆(z) ρcrit(z), where ρcrit(z) is the critical
density to have a flat Universe, whereas ∆(z) is the z-dependent
virial over-density defined by Bryan & Norman (1998). We se-
lected dark matter halos at z ' 3.4 that (i) were more massive
than 5× 109 M (corresponding to >6000 bound dark matter par-
ticles) and (ii) contained more than 10000 stellar particles. Our se-
lection results in a sample of 22 halos with virial masses between
5.8× 109 and 1.1× 1012 M hosting galaxies with stellar masses
between∼ 108 M and∼ 1011 M. We checked that these galax-
ies have at least 100 star particles at z 6 10 and typically >8000
star particles for z 6 4. Then, we traced them backward and for-
ward in time, matching the dark matter particles with the same ID
inside each halo for all snapshots between z = 10 and z = 3.
In particular, the main progenitor of an halo in the snapshot i is
identified as the halo in the snapshot i− 1 that maximise the value
fshared = Nshared/
√
NiNi−1, where Ni and Ni−1 are the num-
ber of dark matter particles of the two halos in snapshot i and i−1,
respectively, and Nshared is the number of dark matter particles
shared among the two halos. Since dark matter particles have the
same mass, fshared can be interpreted as the average mass con-
tributed by a halo to another halo. Note also that fshared and the
procedure itself is independent on whether we proceed forward or
backward in time with the matching.
3 RESULTS
3.1 Group evolution
Figure 1 shows the evolution of the high resolution region of the
Argo simulation. The main progenitor of the group-sized halo (the
primary halo) forms at z & 7.5 with a virial mass . 1010 M,
comparable to the mass of a few other halos in the high-resolution
region of the simulation at that redshift. Between z ∼ 6 and
z ∼ 3.5, the primary halo and its central galaxy grow quickly,
outpacing the growth of other massive halos in the high-resolution
region. The primary halo lies at the crossing and merging point
of several main dark-matter filaments that focus the dark mat-
ter and gas flows toward it, with a typical cold, star-forming gas
(T 6 30000 K) inflow rate of∼ 10 M yr−1 through the virial ra-
dius at z ∼ 5.5. The cold gas penetrates inside∼ 10% of the virial
radius, roughly where the central galaxy resides, sustaining an av-
erage star-formation rate of∼ 20 M yr−1 within it. By z ∼ 4, the
central halo is by far the biggest halo with a virial mass∼ 4×1011
M and a physical virial radius ∼ 60 kpc. The main halo keeps
growing up to z ∼ 3.5 reaching Mvir & 1012 M due to in-
creasing inflow rate of cold gas, but also due to accretion of small
satellite galaxies that mostly form along the filaments and flow into
the group, as shown in Figure 1. After z ∼ 3.5, the main halo
stops growing and enters the phase of “cosmological starvation”
described by Feldmann & Mayer (2014).
Some of the other massive galaxies (Mvir ∼ 1011 M at
z ' 3) form even before the central one around z ∼ 9 − 10,
c© 2014 RAS, MNRAS 000, 1–17
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Figure 1. Gas surface-density maps for the high resolution region of the Argo simulation. The panels show snapshots at z ' 6, 5, 4, and 3 (from top left to
bottom right, see legend). Circles shows the positions of the 22 galaxies in our sample. The circle sizes and colours indicate virial radii and virial masses of
the parent dark matter halos of the selected galaxies. All panels are centred on the progenitor of the primary halo, i.e., on the progenitor of the halo harbouring
the most massive galaxy at z = 3.
but further away along the main filaments. They move slowly
along the filaments and smoothly accrete cold gas at a typical rate
∼ 5− 10 M yr−1, similarly to the main halo, but almost steadily
up to z ∼ 3. They typically experience up to 1-2 relevant merger
episodes with mass ratios between ∼1:1 and ∼1:5 in the redshift
range 3 6 z 6 10. Some of these galaxies also accrete a few gas-
rich satellites with low stellar masses.
c© 2014 RAS, MNRAS 000, 1–17
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Figure 2. Face-on images of the 22 galaxies in our sample at z ' 3.4 in the B, V and I filter bands. Each panel encompasses roughly the inner 10% of the
virial radius of each halo. The bottom left corner shows the scale of each image in proper pc. The stellar mass at z ' 3 and the virial mass at z ' 3 (or at the
infall redshift for satellite galaxies at z ' 3) are provided at the top of each panel. The physical softening lengths of gas and star particles, ? = 120 pc, are
indicated by the radius of the grey circle in the bottom right corner of each panel. Many galaxies show spiral arms or bars within extended stellar discs. Low
mass galaxies often lack the concentrated central light concentration observed in more massive galaxies.
3.2 Galaxy morphology
Figure 2 and 3 show face-on and edge-on mock images of our sam-
ple of galaxies at z ' 3.4, respectively. The face-on view is de-
fined as the view along the line of sight determined by the specific
angular momentum of stars inside ∼ 3% of the virial radius rvir,
excluding any contributions from satellites. We assign a luminos-
ity to each star particle from mass-to-light ratio tables1 based on
the isochrones and synthetic stellar population of the Padova group
(Marigo et al. 2008; Girardi et al. 2010; Bressan et al. 2012). These
tables span the stellar age interval from 4×106 to 12.6×109 yr, the
1 Tables available at http://stev.oapd.inaf.it/cgi-bin/
cmd.
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Figure 3. Same as Figure 2, but galaxies are shown edge-on. Most galaxies (but not the central galaxy of the primary halo) have a pronounced disc component.
Lower mass galaxies have stellar discs that are thicker relative to the size of the galaxy.
metallicity interval from 5×10−3 to 1.6 Z and assume the initial
mass function from Kroupa, Tout & Gilmore (1993) and Kroupa
(1998). We built the images using the computed emission in the I,
V and B Bessell (1990) filters as the R, G and B channels, respec-
tively, and we stretched the outcome with a power-law transforma-
tion (exponent γ = 0.3) for better visualisation.
The central galaxy has an early-type, elliptical morphology,
with thin stellar shells at a few physical kpc from the centre of the
halo likely due to the tidal disruption of satellite galaxies on non-
radial orbits (Hernquist & Quinn 1988, 1989; Feldmann, Mayer &
Carollo 2008). The stellar mass at z ∼ 3 within ∼ 10 physical kpc
is ∼ 7 × 1010 M, with a total gas fraction (defined as the ratio
between the gas mass and the sum of the stellar and gas mass) of
∼ 11%. The fraction of cold (6 30000 K), star-forming gas is only
∼ 5% and it is mainly distributed in a central disc with scale radius
of∼ 450 physical pc. See (Feldmann & Mayer 2014) for additional
details on the central galaxy.
All the other galaxies exhibit a later-type morphology, rang-
ing from extended, grand-design early-type spirals (likely Sa-Sb,
from a visual inspection) to irregular, gas-dominated systems (Sm-
c© 2014 RAS, MNRAS 000, 1–17
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Figure 4. Circular velocity profiles for the 22 galaxies in our sample. Curves in each panel are color-coded according to redshift (spanning the range
3 6 z < 11). The profiles are shown out to 20% of maximally reached virial radius (radii are in physical units). The stellar mass at z ' 3 and the virial mass
at z ' 3 (or at the infall redshift for satellite galaxies at z ' 3) are provided at the top of each panel. Each galaxy is flagged with “F” or “P” depending on
whether it is classified as a “flat” or “peaked” galaxy at z ∼ 3. The grey shaded areas correspond to 2 softening lengths, r = 2?. Galaxies of lower (higher)
stellar mass often show flat (peaked) circular velocity curves.
Im, from a visual inspection). All these galaxies have specific star-
formation rates ∼ 2 Gyr−1 between z ' 4 and 3, consistent with
the observed star formation sequence at z ' 3.7 by Lee et al.
(2011). The most massive galaxies (virial masses Mvir & a few
1010 M) typically have well-developed, grand-design spiral arms
already at z & 3. Those spiral arms are likely triggered by nearby
satellites. However, numerical effects such as swing amplification
induced by dark matter particles moving within the disc might also
drive spiral structures. D’Onghia, Vogelsberger & Hernquist (2013)
have shown that swing-amplified, multi-armed spirals can survive
long after that the perturbation has faded away. This effect might
be present in low mass systems that show flocculent spiral arms.
The most massive disc galaxies often show a prominent bulge or a
bar-like central distribution of stars, while lower mass galaxies are
often pure discs. The discs have typical scale heights of h ∼ 400
pc (a few softening lengths, estimated as the root mean square of
the vertical displacement from the disc plane). The discs are thin
(aspect ratios 1) for the most massive and extended discs, while
galaxies with Mvir . 1010 M tend to develop thicker discs. This
is likely a consequence of the stronger impact of stellar feedback
in shallower potential wells. The stellar component of the lowest
mass galaxies in our sample (Mvir < 1010 M, M? ∼ 108 − 109
M) has a more irregular, although still flattened, morphology.
3.3 Circular velocity curves
Figure 4 shows the redshift evolution of the circular velocity pro-
files Vc(r) ≡
√
GM(r)/r, where M(r) is the total mass inside
the sphere of physical radius r, for the 22 galaxies in our sample.
The circular velocity profiles evolve quickly from z . 10 to z ' 3
via the rapid accretion of dark matter. For instance, the normalisa-
tion of the asymptotic velocity Vc(rvir) increases from ∼ 20 km
s−1 at z = 10 to & 150 km s−1 at z = 3 for galaxies with z = 3
masses of M? ∼ 1010 M. At the same time, the shape of the
circular velocity curves in the inner region is substantially affected
by the distribution of baryons. In particular, we can clearly distin-
guish two kinds of circular velocity profiles up to z ' 3 in Figure
4. Some galaxies have flat or almost flat circular velocity curves
c© 2014 RAS, MNRAS 000, 1–17
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Figure 5. Peakedness of the circular velocity profile as function of virial mass Mvir (left panel) and stellar mass M? (right panel) for the 22 galaxies in our
sample. The peakedness is defined as Vc(rmax)/Vc(rh). Here, rmax is the radius at which the circular velocity peaks and rh is the radius containing half
the virial mass. Red squares show the results for z ' 5, blue circles for z ' 4 and green triangles for z ' 3. The virial mass at infall time is used for
satellite galaxies. Empty symbols denotes the central galaxy of the primary halo. The grey shaded area marks the region of “flat” systems, i.e., galaxies with
Vc(rmax)/Vc(rh) < 1.25. The peakedness of the circular velocity profile is correlated with the stellar mass of intermediate-mass galaxies and only weakly
with their halo masses.
(those galaxies will be dubbed as “flat” in the following), whereas
other galaxies have a clear peak in the inner region (those galaxies
will be dubbed as “peaked’ in the following). In order to discrimi-
nate quantitatively between these two classes, we measured the ra-
tio between the maximum circular velocity Vc(rmax) and the value
Vc(rh) at the radius rh that encloses half of the total mass of the
halo. We then classify a galaxy as “flat” or “peaked” at a given red-
shift if Vc(rmax)/Vc(rh) is below or above the assumed threshold
of 1.25. While the value 1.25 is to some degree arbitrary, our re-
sults are not strongly affected by the specific value that we assume.
Moreover, we decided to use Vc(rh) instead of Vc(rvir) because we
found this definition more robust against the specific way the halo
is identified and against the exact procedure to determine whether
a particle is bound to a halo or not.
Figure 4 suggests that being a “flat” or “peaked” galaxy de-
pends weakly on the virial mass of the host halo. This is pre-
sented explicitly in the left panel of Figure 5, which shows the
ratio Vc(rmax)/Vc(rh) as a function of Mvir at three different
redshifts. We compute the Spearman’s rank correlation coefficient
to assess more quantitatively the degree of correlation between
Vc(rmax)/Vc(rh) and Mvir. We find values between ∼ 0.3 and
∼ 0.45 from z ' 5 to z ' 3, implying that the correlation is weak.
This shows that having a “flat” or “peaked” circular velocity curve
is neither strongly correlated with halo mass nor with the number
of resolution elements (particles) per halo. On the other hand, the
right panel of Figure 5 shows the same plot with M? instead of
Mvir. In this case, the Spearman’s coefficient ranges from∼ 0.4 to
∼ 0.8 at the different redshifts, supporting the visual feeling that
the ratio Vc(rmax)/Vc(rh) correlates more strongly with M? than
with Mvir.
We can also test whether the shape of the circular velocity
profile depends on the age of the galaxy. In Figure 6 we plot the
maximum over z of the ratio Vc(rmax)/Vc(rh), the “peakedness”
of the circular velocity profile, as a function of the formation red-
Figure 6. Maximum value of Vc(rmax)/Vc(rh) over the redshift range
3 6 z < 11 as a function of the formation redshift zform. Blue circles and
red squares refer to “flat” and “peaked” galaxies, respectively. The empty
symbol denotes the central galaxy. The grey shaded area marks the thresh-
old Vc(rmax)/Vc(rh) = 1.25. The peakedness of the circular velocity
profile is not strongly correlated with formation redshift.
shift zform. The latter quantity is defined as the redshift at which the
halo assembled at least fform = 5% of its maximum mass at z > 3.
The absence of a strong correlation between zform and the peaked-
ness of the circular velocity profile indicates that the shape of the
mass distribution of our simulated galaxies is not merely related to
the age of their parent halos. In other words, a larger value of zform
does not necessary imply that a galaxy is more “peaked”. In partic-
ular, we find both “flat” and “peaked” galaxies with any zform > 6.
Our results do not change qualitatively if we define zform based
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Figure 7. Stellar surface density profiles for the 22 galaxies in our sample at z ' 3. Blue circles show the data from the simulation, while red-dashed lines
indicate the result of exponential fits to the stellar surface density at r = 0.05−0.1rvir. The red continuous line in the first panel shows the de Vaucouleurs fit
for the central galaxy used in Section 3.5. We show the inferred bulge-to-total (B/T ) and bulge-to-disc (B/D) ratios at the top right of each panel. We infer
Hubble types based on the B/T ratio and the presence of a stellar disc as described in the text. The grey shaded areas correspond to a projected radius 6 ?.
Galaxies with higher stellar mass show a larger central excess, indicative of a larger B/T ratio and an earlier Hubble type.
on a different value for fform. Our finding suggests that the evolu-
tion of the circular velocity profile is not simply dictated by secular
evolution.
3.4 The connection between Vc and morphology
The circular velocity profile Vc(r) depends primarily on the mass
distribution within r. The mass distribution within 10% of rvir is
dominated to a large extent by the baryonic (and in particular the
stellar) mass. Therefore, a connection between the central distribu-
tion of stars and the shape of the circular velocity curve is expected.
Figure 7 shows the stellar surface density profiles for the galaxies
in our sample at z ' 3. The projection is face-on with respect to
the axis given by the specific angular momentum of stars inside
0.03rvir. We perform a “partial” profile decomposition based on
the surface density profiles. Instead of fitting the superposition of
a bulge and a disc profile at the same time, we fit an exponential
profile at large radii (r & 0.05rvir) to model a stellar disc, assum-
ing that the bulge contribution to the surface density at these radii
is negligible. We then infer the bulge mass by subtracting the mass
of the fitted exponential profile from the overall stellar mass within
0.1rvir. We choose this simplified procedure because many galax-
ies show complex nuclear morphology (e.g. stellar bars) that make
difficult a full profile decomposition and we only aim at a single-
parameter morphological characterisation. Note that our determi-
nation of the bulge mass includes the mass of an eventual bar, as
happens for many of the more massive galaxies of our sample (see
Figure 2). Moreover, our method bases the estimates of both the
bulge and disc masses on the surface density profiles. This might
introduce some biases in the inferred B/T and B/D ratios with
respect to what would be observationally determined via decompo-
sition of surface brightness profiles. In particular, we expect that our
estimates are compatible with those obtained from near-infrared
observations (e.g. in the H or K band), but they would likely over-
estimate the bulge component when compared with photometric
measurements from bluer bands (e.g. B or V bands). Finally, we
do not attempt a kinematic decomposition between the bulge and
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Figure 8.B/T ratio vs stellar mass at z ' 3 (left panel) and maximum peakedness of the circular velocity profile vsB/T at z ' 3 (right panel). Blue circles
show our galaxy sample, red squares are observed B/T ratios by Weinzirl et al. (2009) and green triangles are from Fisher & Drory (2011). The horizontal
dotted line in the right panel marks the threshold Vc(rmax)/Vc(rh) = 1.25 that divides between “flat” and “peaked” galaxies. We derive errorbars assuming
10% uncertainty in the determination of both disc and total mass. The empty circle denotes the central galaxy in each panel. The peakedness of the circular
velocity profile is a good indicator of theB/T ratio of galaxies. The morphology of the galaxies in our sample ranges from effectively bulge-less disc galaxies
to spheroidal-dominated galaxies.
the disc, which is also known to produce systematically different
estimates of B/D ratios (Scannapieco et al. 2010).
Based on the values ofB/T (defined as the ratio of bulge mass
to overall stellar mass), we assign to each galaxy a Hubble type: (i)
E/S0-Sa for galaxies with B/T > 0.4, (ii) Sb-Sc for galaxies with
0.4 > B/T > 0.2, and (iii) Sd-Sm for galaxies with B/T < 0.2.
We distinguish between E and S0-Sa morphology based on the vi-
sual confirmation of an extended disc component. Moreover, some
low mass galaxies have B/T ≈ 0, even though they might not ap-
pear as disc-dominated in Figure 2 and 3. Nevertheless, they have
a flattened stellar component and a high gas fraction distributed on
a rotationally supported disc that qualify them as late-type, disc-
like systems. Therefore, although the face value B/T ≈ 0 is a
byproduct of our simplified procedure, this is still consistent with
the typically observed B/T ∼ 0.1 − 0.2 for Sd and later-type
galaxies (e.g. Weinzirl et al. 2009) as long as we consider a rea-
sonable uncertainty σ ' 0.15 on our B/T estimates (we obtain σ
assuming 10% uncertainty on both the bulge and disc masses, see
below). Although the exact B/T values for the subdivisions are
somewhat arbitrary, they are chosen in accordance with the mor-
phological classification at z = 0 (Scodeggio et al. 2002; Graham
& Worley 2008; Weinzirl et al. 2009).
Comparing Figure 4 and 7 suggests that the most massive and
“peaked” galaxies have higher values of the B/T ratio. We show
this result more explicitly in Figure 8, where we plot B/T as func-
tion of stellar mass and of the peakedness of the circular veloc-
ity. The errorbars on B/T are derived assuming an uncertainty of
10% for both the disc and total mass measurements. The trend be-
tween B/T and the stellar masses M? is similar to the one found
by Weinzirl et al. (2009), although their results are based on a sam-
ple of local spiral galaxies (z = 0) of various morphological type
(from S0 to Sm) and with larger stellar masses & 1010 M (de-
termined from H band photometry). We note that the B/T values
drawn from Weinzirl et al. (2009) include the mass fraction of the
reported bar component. This is reasonable because we do not sep-
arate the non-disc component of our galaxies into a bar and a true
bulge. We also compare our results with the data of Fisher & Drory
(2011). Their sample at z = 0 partially overlaps in mass with ours
and shows a comparable range of B/T .
As expected, the values of B/T measured from the simula-
tion are highly correlated with the maximum of Vc(rmax)/Vc(rh)
over redshift. Hence, the evolution of the shape of the circular ve-
locity curve is intimately connected with the morphological evolu-
tion, such that “peaked” galaxies are associated with more bulge-
dominated galaxies. In other words, we can study the morpholog-
ical evolution of galaxies by analysing the history of their circular
velocity profiles. Note, however, that we do not distinguish between
pure bulges and pseudo-bulges as we do not perform a complete
profile decomposition and we do not identify bulges based on their
Se´rsic indexes (Kormendy & Kennicutt 2004).
3.5 Morphology and the angular momentum content
Romanowsky & Fall (2012) and Fall & Romanowsky (2013) re-
cently revised the early findings of Fall (1983) that the stellar spe-
cific angular momentum j? of galaxies correlates with the stellar
mass M? and that the correlation itself varies with morphologi-
cal type. We compare our simulation with these results in Figure
9. The upper panel of this figure reproduces Figure 2 of Fall & Ro-
manowsky (2013), which shows the correlation between j? andM?
for the disc component alone of (early- and late-type) spiral galax-
ies and for elliptical galaxies. They estimate the disc-only contribu-
tion to j?, j?,d, as j?,d = 2Vrot,sRd/ sin i, where Rd is the scale
radius of the exponential disc, Vrot,s is the asymptotic rotation ve-
locity observed at large radii, and sin−1 i is a deprojection factor
(Romanowsky & Fall 2012). j?,d is plotted in Figure 9 against the
disc mass M?,d = (1−B/T )M?. They treat elliptical galaxies as
“pure bulges” and then estimate j? as j?,b = CknReffVrot,s, where
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Figure 9. Stellar specific angular momentum j? as a function of M?. Up-
per panel: blue, empty symbols denote disc-only components (i.e. j?,d vs.
M?,d, see the text for details), whereas red, filled symbols denotes ellip-
tical galaxies made by bulge only (i.e. j?,b vs. M?). Empty squares and
filled dots are observational data from Fall & Romanowsky (2013). Stars
are the data from our galaxy sample at z ' 3. The upper and lower dotted
lines represent the fits to the disc-only and bulge only relations, respectively
(see Fall & Romanowsky 2013 for details). Lower panel: stars denote our
direct measure of the total j? as a function of total stellar massM? (see the
text for details). Red stars mark “peaked” galaxies while blue stars mark
“flat” galaxies. The other symbols are observational data from Fall & Ro-
manowsky (2013) divided by morphological type according to the legend.
In both panel, grey vertical arrows show an increment of j? by a factor of
2 at constant M?, consistent with the evolution with redshift predicted by
Equation (2).
C is an inclination correction factor (1.21 for lenticulars and 1.65
for ellipticals), kn is a coefficient depending on the Se´rsic index
n, Reff is the projected effective radius, and Vrot,s is the rotation
curve evaluated at ≈ 2Reff (Romanowsky & Fall 2012).
Mimicking the above procedure, we measure j?,b and j?,d for
the central galaxy and the remaining galaxies of our sample, re-
spectively. First, we derive the gas rotation curves in the plane of
the gaseous disc for all our galaxies so that we do not need any
deprojection factor. The gas rotation curve of the central galaxy is
obtained in the plane of the central gaseous disc (see Section 3.2).
In particular, we select a slice of ∼ 500 pc centred in the plane
of the disc (mimicking the action of a slit during the observation
of an edge-on disc galaxy) and we measure the gas velocity as a
function of radius projected along 20 random, polar line of sights
(i.e. line of sights in the disc plane pointing toward the disc centre).
We finally average all the obtained rotation velocity curves2. We
then estimate j?,d of all but the central galaxy as j?,d = 2RdVs,
where Vs is the asymptotic value of the gas rotation curve (typically
similar, but slightly below, the asymptotic value of the circular ve-
locity curve due to non-circular motions) and Rd is given by the
exponential fits on the surface density profiles (Figure 7). Although
we can decompose the surface density profile of the central galaxy
in an exponential disc component and a remaining bulge compo-
nent, a visual inspection clearly shows the lack of an extended disc.
Therefore, we treat this galaxy as an elliptical, “pure bulge” galaxy
in the procedure described above. We fit the surface density profile
with a de Vaucouleurs profile (see Figure 7) to determine Reff and
we compute j?,b = 2.29VsReff , where k4 = 2.29 and Vs is the
rotation velocity at ≈ 2Reff .
We also estimate the total specific angular momentum fol-
lowing Romanowsky & Fall (2012) as j? = (1 − B/T )j?,d +
(B/T )j?,b, deriving the effective radii of bulges from the resid-
ual surface density profile after removing the exponential disc
components. Then, we compare these estimates with direct mea-
surements of the stellar angular momentum of the galaxies, i.e.
j? =
∑
r × m?v, where r and v are computed in the reference
frame of the centre of mass of the galaxy. We find values in fair
agreement within a factor of ∼ 2. We show our direct measure-
ments in the lower panel of Figure 9, which reproduces Figure 3
of Fall & Romanowsky (2013). As expected, “flat” galaxies tend
to have slightly higher j? than “peaked” galaxies with compara-
ble stellar mass. This trend is similar to the trend with morphology
revealed by the observational data.
Both the upper and the lower panel of Figure 9 show that
our data sit on a relation similar to the observed one, with a slope
α ∼ 0.6 for the disc-only components (upper panel). However, the
normalisation is different from that at z = 0. We argue that this
discrepancy is due to the redshift evolution of this relation. This
can be qualitatively understood, at least for the disc-only compo-
nents, using analytical models for galaxy formation. In particular,
following the simplest treatment of Mo, Mao & White (1998), we
can model a galaxy as an exponential, non-self-gravitating disc em-
bedded in an isothermal halo, from which we derive the expected
specific angular momentum:
j?,d =
(2G)2/3λ
∆1/6(z)H1/3(z)
(
fj
f
5/3
?
)
M2/3? , (1)
where λ is the spin parameter of the host halo, ∆(z) is the z-
dependent virial overdensity, H(z) is the Hubble parameter, fj is
the fraction of halo angular momentum retained by the disc, and
f? = M?/Mh is the ratio between the disc and the halo mass. We
can then estimate the redshift evolution between z = 3 and z = 0
of j?,d at fixed M? as:
j?,d(z = 0)
j?,d(z = 3)
∣∣∣∣
M?
=
(
∆(z = 0)
∆(z = 3)
)1/6(
H(z = 0)
H(z = 3)
)1/3
∼ 2. (2)
This calculation does not account for the presence of a bulge or for
additional processes that might change j? (e.g. mergers, feedback,
etc.). Nonetheless, it captures qualitatively the necessity of a red-
shift evolution forM?− j? relation and is enough to explain and to
cure the discrepancy between our z ' 3 data and the observations
2 Since we measure the rotation velocity as the velocity projected on the
line of sight in the plane of the disc, we do not need any deprojection factor
because in our case i = 90◦ and sin−1 i = 1.
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Figure 10. Evolution of the circular velocity curve for two example galaxies that obtain a peaked circular velocity profile via a major merger. The galaxy on
the left (right) corresponds to the second (fourth) galaxy in the first row of Figure 4. For both example galaxies, we show the projected stellar density and the
associated Vc(r) curve at four times during the galaxy interaction/merger (first four rows). Continuous, dashed and dotted lines mark the position of the virial
radius, the position of the radius containing half of the total mass and the position of the radius corresponding to the peak of Vc, respectively. The last row
shows the evolution of the star formation rate within the central kpc (first panel) and the evolution of Vc(rmax)/Vc(rh) (second panel). In the bottom row
panels blue circles, green triangles, magenta diamonds and red squares mark the redshifts of the corresponding four snapshots. In both cases the peakedness
of the circular velocity profile increases significantly over the course of the major merger.
of nearby galaxies in the upper panel of Figure 9. The lower panel,
instead, require a more detailed treatment of the build-up of galac-
tic discs, although our simple correction is already enough to bring
the simulated galaxies within the larger scatter expected at lower
masses. Note that fj and f? can also contribute to the redshift evo-
lution of the relation in an M?-dependent fashion.
3.6 What triggers the difference between “peaked” and
“flat” galaxies?
Our sample of 22 galaxies at z > 3 can be divided in two sub-
classes, “flat” and “peaked” galaxies, as discussed above. Out of
22 galaxies, 9 never reach the threshold Vc(rmax)/Vc(rh) = 1.25
and they are thus classified as “flat”. The remaining 13 galaxies
become “peaked” at redshift z > 3, most of them at z > 4.
All the galaxies that belong to the “flat” group, which rep-
resents ∼ 40% of our galaxy sample, have Vc(rmax)/Vc(rh) ' 1
almost all the time. They are isolated galaxies that live in peripheral
dark matter filaments. They do not approach the central galaxy for
more than 2 virial radii of the primary halo up to z ' 3 and they do
not experience any galaxy merger with mass ratios > 1 : 5− 1 : 6.
Their star formation rates are slowly rising for z > 3 and typically
always below 1 M yr−1, apart from short, burst-like periods when
they reach up to ∼ 2 M yr−1.
On the other hand, the value of Vc(rmax)/Vc(rh) for 8 out
of 13 “peaked” galaxies, which represent ∼ 60% of the “peaked”
subsample and ∼ 36% of our entire sample of galaxies, suddenly
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Figure 11. Evolution of Vc(rmax)/Vc(rh), the peakedness of the circular
velocity profile, as a function of the bar strength |A2|. The red solid curve
corresponds to the third galaxy in the first row of Figure 4. This galaxy has
a peaked rotation curve at z ∼ 3.7, but the growth of Vc(rmax)/Vc(rh)
is not associated with a major merger event. Instead, it gets peaked as a
response to the formation of a stellar bar. Reference redshifts are marked in
the figure and the arrow indicates the direction of time along the curve. The
blue dashed curve shows the corresponding result for the fourth galaxy in
the third row. This is a “control” galaxy with a flat circular velocity curve.
As expected no strong bar develops in this case.
changes from Vc(rmax)/Vc(rh) ' 1 to Vc(rmax)/Vc(rh) > 1.25.
This change is clearly associated with a burst in star formation that
can reach & 10 M yr−1. The starburst is triggered in each case
by a major merger with a mass ratio > 1 : 4 for both Mvir and for
M?, except for a couple of cases where the stellar mass ratio only
is < 1 : 4.
We demonstrate this finding in Figure 10, where we follow
the evolution of two example galaxies of our sample from before
to after they merge with a lower mass companion galaxy. In both
examples, the peak circular velocity increases dramatically during
the galaxy merger and the associated starbursting phase. During
that time the circular velocity profile transforms from flat to cen-
trally peaked. The radius at which the circular velocity reaches its
maximum moves inwards from rh ∼ rvir/2 (∼ 5 − 10 kpc for
the two example galaxies) to less than a kpc. These major mergers
occur at different redshifts and in different environments. The two
galaxies in the first example have a total mass ratio q ' 1 : 2.9
and merge around z ' 6.7 moving along a filament far from the
primary halo. The second example involves two galaxies with a to-
tal mass ratio q ' 1 : 3.6. They merge around z ∼ 4.5 in the
vicinity (at∼ 2rvir) of the primary halo, i.e., in a mildly overdense
environment.
The peaked circular velocity curves in the remaining five
galaxies do not originate in major mergers. These five cases rep-
resent ∼ 38% of the “peaked” subsample and ∼ 22% of the total
sample. The first of these anomalous galaxies is the central galaxy
of the primary halo. This galaxy undergoes a large number of re-
peated mergers (but not major mergers) and galaxy interactions
with orbiting satellite galaxies of lower mass. Its circular veloc-
ity profile starts to get strongly peaked only at relatively late times
z < 4. In fact, at z ' 4 the circular velocity curve of this galaxy
would be classified as “flat” (Vc(rmax)/Vc(rh) ∼ 1.2 at that time).
The second of the anomalous galaxies experiences a late (z ∼ 3.6)
Figure 12. Histograms of the distributions of the maximum
Vc(rmax)/Vc(rh) over z. Light blue bars show the number of galaxies
with always flat rotation curves (9 out of 22). Red bars indicate the
distribution of galaxies that become peaked as a result of a major merger (8
out of 22). Dark green bars show the distribution of galaxies that become
peaked for other reasons (5 out of 22), see text. Most galaxies that have
a peaked circular velocity curve at late times undergo a major merger. In
contrast, none of the galaxies with a flat circular velocity profile undergo a
major merger with mass ratio > 1 : 4.
minor merger that is responsible for increasing Vc(rmax)/Vc(rh)
to just above 1.25. The third anomalous galaxy enters the primary
halo and obtains a peaked velocity profile during a starburst associ-
ated with its first pericentric passage. In the remaining two anoma-
lous galaxies we find that a bar drives the growth of a central stellar
mass excess at high redshift (z > 5). At those times the bar is not
properly resolved and, hence, the corresponding increase in Vc may
be, at least in part, of numerical origin. However, bars form also at
later times (Figure 2 clearly shows that many galaxies at z ∼ 3 are
barred) and can drive the steady increase of the peakedness of the
circular velocity profile.
As an example of the this process, we plot in Figure 11 the
evolution of the bar strength for one of the galaxies (third galaxy
in the first row of Figure 2). The bar strength is defined following
Dubinski, Berentzen & Shlosman (2009) as the absolute value:
|A2| = 1
M
∣∣∣∣∣
N∑
j=1
mj exp(2iφj)
∣∣∣∣∣ , (3)
where the summation is performed over the N star particles within
a cut-off radius Rc = 500 pc from the centre of the galaxy, mj
and φj are, respectively, the mass and the polar angle in the plane
of the galaxy of the j-th star particle, and M =
∑N
j=1 mj . The
figure shows the evolution of Vc(rmax)/Vc(rh), the peakedness of
the circular velocity profile, as a function of the bar strength |A2|.
We find that the peakedness increases after the bar forms, i.e., as
a response to the presence of the bar. In turn, the bar gets weaker
as the peakedness increases – possibly because the formation of a
bulge shuts down the passage of waves through the central region
via the formation of an inner Lindblad resonance which reduces the
effectiveness of repeated swing amplification (e.g., Toomre 1981;
Sellwood 1989).
The discussion above is summarised by Figure 12, which
shows the distribution of Vc(rmax)/Vc(rh) for our galaxy sample.
Figure 12 suggests that major mergers might be the most effective
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process in shaping (and steepening) the central part of the circular
velocity curve. Given the connection between Vc and morphology
discussed in Section 3.4, this in turn suggests that major mergers
may be the primary process in assembling bulges withB/T > 0.3,
in agreement with previous theoretical works (e.g. Naab & Trujillo
2006; Hopkins et al. 2010; Kraljic, Bournaud & Martig 2012). This
is valid at least at high redshift (z > 3), in slightly over-dense,
group/proto-cluster environments and at mass scales (M? . 1010
M) below the exponential cutoff mass of the stellar mass func-
tion at z > 2 (Pe´rez-Gonza´lez et al. 2008; Marchesini et al. 2009;
Muzzin et al. 2013; Tomczak et al. 2014).
4 CAVEATS
In this study we probe the morphological evolution of a population
of high-redshift galaxies formed in the Argo zoom-in cosmological
simulation. A key feature of this simulation is the high resolution
and the big zoom-in sub-volume that allows us to follow the as-
sembly of a normal galaxies population from redshift 6 10 down
to z ' 3. However, our simulation does not seem to be able to re-
produce all the properties of the observed high redshift galaxies, as
we discuss in the following of this section. Nonetheless, we argue
that our results are, at least in the qualitative picture, independent
of and only mildly afflicted by these shortcomings.
We showed that the shape of the circular velocity curve cor-
relates with the B/T ratio and with stellar mass. McCarthy et al.
(2012) found similar results in terms of circular velocity curves’
shape and trends with mass, but they attributed them to spurious
overcooling effects above a certain stellar mass. Although we can
not exclude some residual overcooling, we are confident that this
has only a minor impact on our results, because (i) Argo has a much
higher resolution with respect to the simulation presented in Mc-
Carthy et al. (2012), in particular our softening is always smaller
than the effective radius of the galaxies that we analyse, (ii) the
most massive galaxy in our simulation, in which artificial over-
cooling should be most severe, matches nicely the predictions of
abundance matching (see Figure 13 below), (iii) we can attribute,
in most cases, a physical cause to the sudden transformations of our
galaxies, in particular to the increase of the central density and the
associated steepening of the circular velocity curve.
A more serious challenge for our simulation is to reproduce
the M? −Mh relation that is empirically determined with the help
of the abundance matching technique (Behroozi, Wechsler & Con-
roy 2013; Moster, Naab & White 2013). In Figure 13 we show
the M? −Mh relation at z ' 3, 4 and 5 for the galaxies of our
sample and for all central galaxies in the high resolution region of
the Argo simulation that contain at least 100 star particles. Stellar
masses are measured within 0.1 rvir excluding any contributions
from satellites. Mh is typically the virial mass of the parent dark
matter halo hosting the galaxy. However, for the satellite galaxies
in our sample we use the halo masses at infall into their first host
halo.
The figure shows that a large number (but not all) of the sim-
ulated galaxies lie above the empirically determined M? −Mh re-
lation. This discrepancy (i) grows with time, (ii) is larger for galax-
ies closer to the primary (group-sized) halo and (iii) is more pro-
nounced for satellite galaxies than for central galaxies. We there-
fore suggest that we are witnessing to some extent an environmen-
tal effect. In particular, there are hints that the dark matter halo of
galaxies in the vicinity of the primary halo might have undergone
suppressed growth relative to the halo of a central galaxy of the
Figure 13. Comparison with abundance matching predictions. We show the
stellar mass – halo mass relation at z ' 3 (top), z ' 4 (middle) and z ' 5
(bottom). Large filled symbols show the galaxies in our sample. Circles
mark satellite galaxies and squares central galaxies. Small empty symbols
refer to central galaxies at each redshift with at least 100 star particles that
are not included in our sample of 22 galaxies. The star marks the central
galaxy of the primary (group-sized) halo. Symbols are color coded accord-
ing to the distance of each galaxy from the primary halo in units of the
virial radius rvir of the primary halo. Error bars assume 50% and 20% un-
certainty on the x and y axis, respectively, following Munshi et al. (2013).
Black thick dashed line show the z-dependent stellar mass – halo mass re-
lation from Moster, Naab & White (2013) and the grey thin lines are 1000
Monte Carlo realisations of the same relation with the quoted errors. The
red continuous line is the z-dependent stellar mass – halo mass relation
from Behroozi, Wechsler & Conroy (2013) and the red dotted lines show
the 1-σ deviation. Dash-dotted lines show three different resolution limits
for a given, approximate number of star particles.
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same stellar mass, an effect ultimately exacerbated by progressive
tidal truncation as galaxies enter the virial radius. Further evidence
supporting this interpretation is that the distance dependence of the
discrepancy grows with time (see Figure 13). If insufficient feed-
back were the single cause of the mismatch we would not expect
to find a dependence on distance from the primary halo nor any
time evolution of such a correlation. Likewise, it is conceivable that
there is an interplay between such effects and feedback, and there-
fore that the magnitude of such effects and thus the stellar mass
assembled at a given time is still somewhat affected by the strength
and mode of the feedback adopted. Finally, as we mentioned above,
the central galaxy, for which insufficient feedback should be espe-
cially problematic, nicely matches abundance matching predictions
(see also Feldmann & Mayer 2014). We plan to study the effect of
the environment on the M? −Mh relation in a forthcoming paper.
However, many of more massive galaxies at z ' 5 tend to be
inconsistent with the abundance matching predictions regardless of
the distance from the main halo. It is also conceivable to expect
that adding metal-line cooling would exacerbate the problem by
increasing further the star formation efficiency, as suggested, for
example, by the somewhat higher mass of the spiral galaxy in the
ErisMC simulation (Shen et al. 2012), which included metal-line
cooling, relative to the original Eris with only primordial cooling
(Shen et al. 2012). While these galaxies have a somewhat biased
formation history, given that they start within a slightly overdense
Lagrangian region of the Universe and end up close to the primary
halo at z = 3, it is nonetheless plausible that the feedback model
in our simulations is not efficient enough in low mass galaxies. A
conclusion along these lines has been suggested by Stinson et al.
(2013), who argue that early stellar feedback (e.g., radiation pres-
sure from massive stars) needs to be included in order to reduce
the stellar fraction of high redshift galaxies. The need for a differ-
ent mode of feedback that delays star formation might be indicated
also by the gas fractions found in the simulated galaxies. These
are in the range ∼ 5 − 70%. In a number of cases, they fall be-
low the typical values found for high-z galaxies, which are in the
range 20−80% of the stellar mass (see e.g. Daddi et al. 2010; Tac-
coni et al. 2010; De Breuck et al. 2014). Nevertheless, we caution
that measurements of gas fractions are usually available for galax-
ies significantly brighter than those in our sample, and they span
a somewhat lower redshift, tipically below z ∼ 2.5 (Daddi et al.
2010; Tacconi et al. 2010; De Breuck et al. 2014).
Despite the aforementioned shortcomings, we maintain that
the physical origin (major mergers) of the identified morphological
transformations implies that our findings are robust to changes of
the feedback physics. Nonetheless, it is likely that changes to the
feedback model affect the timescales over which the morphologies
of galaxies settle into their z = 0 state. It will clearly be helpful
to compare our results with those of recent cosmological simula-
tions that aim at modelling a variety of feedback processes at high
resolution (e.g., Hopkins et al. 2013b).
5 DISCUSSION AND CONCLUSIONS
In this paper we investigated the properties of a sample of 22 high-z
galaxies during the assembly of a galaxy group in the Argo zoom-in
cosmological simulation. We focused on the morphological evolu-
tion of this galaxy sample as measured by a variety of (correlated)
diagnostics such as the stellar surface-density profile, the B/T ra-
tio, the shape of the circular velocity profile and a visual morpho-
logical classification. We found that the peakedness of the circular
velocity profiles is a good proxy for the morphological classifica-
tion. In particular, galaxies with “peaked” circular velocity curves
correspond to systems with more massive bulge components, while
“flat” curves correspond to bulge-less disc galaxies of typically low
stellar masses. At the intermediate mass scale (M? . 109 M and
Mvir ∼ 0.5 − 5 × 1010 M) a wide variety of rotation curves
and B/T ratios are present, showing that (halo) mass alone does
not completely determine morphology. Instead, the stellar mass is
more closely correlated with morphology.
By analysing the origin of the dichotomy between “flat”
and “peaked” galaxies we have identified major mergers as the
main evolutionary trigger, with disc instabilities and minor accre-
tion/interactions of satellites playing a sub-dominant role. Note that
this conclusion echoes the finding of Feldmann, Carollo & Mayer
(2011) for the evolution of a galaxy population at much lower red-
shift (z ∼ 0 − 1.5); indeed they identified mergers prior to infall
inside the group potential as the main culprit behind the transmuta-
tion from discs into spheroids.
Our main conclusion is thus two-fold; (i) galaxy evolution in
typical environments at high-z appears to be surprisingly similar to
galaxy evolution at low-z despite the fact that galaxies are inher-
ently more gas-rich and are fed by the cosmic web at higher gas
accretion rates, and (ii) the Hubble Sequence is established very
early during galaxy assembly, at z ∼ 3 − 4, at least in the slightly
biased regions around galaxy groups.
The central mass excess in our galaxies with peaked circu-
lar velocity profiles often appear to be exponential pseudobulges
based on their stellar density profiles (although stellar bars can also
contribute). One notable exception is the central galaxy, which ex-
hibits a profile that consistent with a de Vaucouleurs profile as ex-
pected for massive early-types, probably as a result of several re-
peated mergers/interactions (Naab & Trujillo 2006; Cox et al. 2006;
Moster et al. 2011). This suggests that a mixture of dynamical and
secular processes might be responsible for the formation of pseu-
dobulges, supporting the findings of Guedes et al. (2013).
In the galaxies of our sample we do not observe the formation
of giant star forming clumps via violent disc instabilities (Noguchi
1999; Dekel, Sari & Ceverino 2009; Ceverino, Dekel & Bournaud
2010). However, all but one of the galaxies in our sample are of
low and intermediate mass, while clumpy galaxies typically belong
to the more massive galaxy population. Furthermore, our simula-
tions do not allow gas cooling below ∼ 104 K and the higher pres-
sure hinders the gravitational collapse via a local Toomre instability
(Ceverino, Dekel & Bournaud 2010). In addition, the effective stel-
lar feedback in our simulation potentially suppresses the life times
of giant clumps (Hopkins et al. 2012, 2013a; Moody et al. 2014).
While galaxies with massive clumps are thus probably not the typ-
ical galaxies at high-z, a clumpy phase may still play an important
role in the evolution of massive central galaxies in high density en-
vironments, e.g., for progenitors of present-day central group and
cluster galaxies.
Our results suggest that the morphology of high redshift galax-
ies is determined by processes similar to those operating on/in lo-
cal galaxies. In particular major mergers, a natural consequence
of the hierarchical structure formation in a ΛCDM Universe, ap-
pear to play a crucial role in the early morphological transforma-
tion of galaxies. Future observations with ALMA, E-ELT, or JWST
as well as larger samples of properly resolved, simulated galaxies
may shed more light on the interplay between merging, feedback,
and galaxy morphology as function of stellar mass and environment
in high redshift galaxies. Surveys with these new ground based and
space born instruments will open new observational windows into
c© 2014 RAS, MNRAS 000, 1–17
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the typical galaxy population at high redshift and be able to test
our prediction that the Hubble Sequence near groups and clusters
is already in place by z = 2.
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